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ABSTRACT
We investigate the spatial clustering of galaxies around quasars at redshifts from 0.6 to 1.2 using
the photometric data from Sloan Digital Sky Survey (SDSS) Stripe 82 . The quasar and galaxy
cross-correlation functions are measured through the projected galaxy number density n(rp) on scales
0:05 < rp < 20 h
 1Mpc around quasars for a sample of 2300 quasars from Schneider et al. (2007).
We detect strong clustering signals at all redshifts, and nd that the clustering amplitude increases
signicantly with redshift. We examine the dependence of the quasar-galaxy clustering on quasar
and galaxy properties and nd that the clustering amplitude is signicantly larger for quasars with
more massive black holes, or with bluer colors, while the dependence on quasar luminosity is absent.
We also show that quasars have a stronger correlation amplitude with blue galaxies than with red
galaxies. We nally discuss the implication of our nding.
Subject headings: galaxies:clusters - large-scale structure of universe - quasars: general
1. INTRODUCTION
Evidences have been mounted that in the local uni-
verse most massive galaxies host supermassive black
holes (SMBHs) at their centers (Kormendy & Richstone
1995; Gebhardt et al. 2000; Merritt & Ferrarese 2001).
These black holes are the relics of past nuclear activ-
ity, i.e., growth via accretion of gas in the galaxy (e.g.,
Soltan 1982; Small & Blandford 1992; Yu & Tremaine
2002). The strong link between black holes and their
host galaxies, as revealed by correlations between black
hole mass and the stellar velocity dispersion or the mass
of the host galaxy bulge (MBH , MBH Mb relation) in
local galaxies (e.g., Magorrian et al. 1998; Gebhardt et
al. 2000; Ferrarese & Merritt 2000; Merritt & Ferrarese
2001; Ueda et al. 2003), implies the co-evolution of the
black hole with its host galaxy. This is further sustained
by the similar redshift evolution of overall star formation
and quasars luminosity function. However, it remains
unclear what drives this co-evolution. Important issues
continue to be poorly understood, such as what triggers
the gas fueling, and how nuclear activity aects the sub-
sequent evolution of their host galaxies. The answers to
these questions must be lied in various correlations be-
tween active black holes and their host galaxies as well
as the environment of their hosts. But it is dicult to
directly study the host galaxy of a quasar, even at a quite
moderate redshift, because quasar outshines its host by
a large factor.
Quasar clustering and quasar-galaxy cross-correlation
provide a very eective way to quantify both the envi-
ronment eects and their host properties in a statistical
sense. The current cosmological models show that struc-
tures (dominated by dark matter) in the universe grow
from small primordial density uctuations, detected in
the cosmic microwave background, in the early universe
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mainly via gravitational interaction. Galaxies populate
in the collapsed dark matter haloes (DMHs), and their
properties are expected to be closely related to the mass
of DMHs (e.g., Scoccimarro et al. 2001; Berlind & Wein-
berg 2002; Yang, Mo & van den Bosch 2003; Kravtsov
et al. 2004; Zheng et al. 2005). In other words, galax-
ies trace DMHs. By measuring the clustering proper-
ties of quasars and galaxies, one can deduce what dark
matter halo may host a quasar. The cross-correlation of
quasars and normal galaxies can tell us how the quasars
and galaxies are physically related (e.g., Hopkins et al.
2007). These relations can also be used to constrain the
duty cycles of nuclear activity (e.g., Shankar, Weinberg,
& Shen 2010).
There are two dierent approaches to measure such
clustering. The rst one is counting the excessive sur-
face number density of galaxies at various distances from
quasars. This over-density has a simple relation to the
angular cross-correlation function between quasars and
galaxies. The angular correlation function is widely used
in the characterization of the large scale structure of the
universe. This method works even in the absence of the
redshift information of galaxies. On the other hand,
if redshifts of galaxies are known, there is a more pre-
cise way to describe the clustering properties using the
two-point correlation function (2PCF) in three dimen-
sion space.
At low redshifts, the cross-correlation between ac-
tive glactic nuclei (AGNs) and galaxies are well stud-
ied. Based on analysis of the angular cross-correlation
function between AGNs and galaxies or the overdensity
of galaxies around AGNs, earlier works indicated that
quasars and Seyfert galaxies are located in rich cluster
of galaxies (e.g., Bahcall et al. 1969; Yee & Green 1984,
1987; Ellingson et al. 1991; Laurikainen & Salo 1995;
De Robertis, Yee, & Hayhoe 1998; Smith et al. 1995,
2000). However, recent studies of large low redshift AGN
samples from the Sloan Digital Sky Survey (SDSS) or 2
degree Field (2dF) survey suggested that AGNs do not
reside in a signicantly dierent environment or even sys-
tematically avoid high galaxy-density region in compar-
2ison with a matched control sample of galaxies (Croom
et al. 2004; Sorrentino et al. 2006; Coldwell & Lambas
2006; Li et al. 2007). It appears that the dierence is
partly attributed to luminosity or black hole mass depen-
dence of clustering properties and partly to the correc-
tions of various selection eects (e.g., Croom et al. 2005;
Fine et al. 2006; Myers et al. 2006; da A^ngela et al.
2008; Coil et al. 2009; Hickox et al. 2009). Serber et
al. (2006) studied the environments of quasars (z  0:4,
Mi   22), reported that quasars reside in higher local
overdense regions and the local density excess increases
with decreasing scale at distances of less than 0.5 Mpc
of quasars. They also found that there is a luminosity
dependence of the density enhancement. Strand et al.
(2008) explored the relationship between AGN environ-
ments and the type, luminosity, and redshift of the AGN
itself, and reached a similar conclusion that higher lu-
minosity (Mi   23:2, Mi =  23:87) AGNs have more
over-dense environments compared to lower luminosity
(Mi >  23:2, Mi =  22:75) AGNs. They also pre-
sented marginal evidence for a redshift evolution of type
I quasar environments and no dierence between the en-
viroments of type I and type II quasars. These studies
are consistent with the popular scenario about the forma-
tion of AGN from the simulations: quasars are triggered
through gas-rich mergers while low luminosity AGNs are
derived by secular evolution, which depends much weakly
on the environment (e.g., Hopkins & Hernquist 2009;
Lutz et al. 2010; Mullaney et al. 2010).
At higher redshifts, a consensus has yet to be reached
on whether quasar clustering depends on the redshift
or quasar properties. Barr et al. (2003) indicated that
there is no evidence for a redshift dependence of the en-
vironments from observations of 21 radio loud quasars
at 0:6 < z < 1:1. Adelberger & Steidel (2005b) re-
ported a similar result for quasars at redshifts from 1.5
to 3.5. Coil et al. (2007, hereafter C07) found that the
cross-correlation amplitude of quasars to galaxies is sim-
ilar to the auto-correlation function of DEEP2 galaxies,
and no signicant dependence was found on either lumi-
nosity or redshift. However, Croom et al. (2002, 2005)
showed the redshift-space two-point correlation ampli-
tude has weak dependence on quasar luminosity, but in-
creases with redshift in the range 0:5 < z < 2:5. By
combing of the 2dF quasar redshift survey (2QZ) with
the fainter 2dF-SDSS LRG and QSO (2SLAQ) survey,
da A^ngela et al. (2008) revealed a stronger redshift de-
pendence, and conrmed the independence of luminosity
at a xed redshift. Shirasaki et al. (2011) obtained that
AGNs at higher redshift ranges reside in a denser en-
vironment than those at lower redshifts, and faint and
bright AGNs displayed similar correlation amplitudes at
redshifts 0:3  1:8 through measuring the overdensity of
galaxies around quasars using the photometric data de-
rived from deep Subaru Suprime-Cam images.
Unlike the optically-selected type I AGNs in the above
studies, the X-ray selected AGN sample, especially with
Chandra and XMM, is not strongly biased agianst ob-
scured ones. Also X-ray observations provided the deep-
est AGN surveys. The clustering analysis based on
the spectroscopic galaxy samples and the X-ray selected
AGN samples from the ROSAT ALL-Sky Survey (RASS)
(e.g., Krumpe et al. 2010), Chandra and XMM data
(e.g., Gilli et al. 2005, 2009; Yang et al. 2006; Coil et al.
2009) can tell us the clustering properties of the distant
low luminosity AGNs or the ones missed by color-based
optical surveys. Coil et al. (2009) found that the X-ray
selected AGNs in red host galaxies are signicantly more
clustered than those in blue host galaxies, but no de-
pendence of clustering on optical or X-ray luminosity or
hardness ratio is found. However, Krumpe et al. (2010)
detected a signicant X-ray luminosity dependence of the
clustering amplitude (see also Koutoulidis et al. 2013).
The clustering amplitude for low LX AGNs is similar
to that of blue star-forming galaxies, high LX sample is
consistent with the clustering of red galaxies.
The controversy results may be caused by selection ef-
fects of galaxy and AGN samples. In most experiments,
the galaxy samples are derived either spectroscopically
or photometrically. In a spectroscopic sample, the red-
shifts of galaxies can be precisely measured, but only
bright galaxies are targeted. Moreover, the spectroscopic
targets are usually selected via optical colors, that may
introduce selection bias against certain type of galax-
ies. For the multi-wavelength photometric sample, the
galaxy samples are selected with certain color cuts and
the galaxy redshifts are estimated through photometric
redshift methods, which are less accurate and subject to
some outliers. Thus, an unbiased galaxy sample is the
most important in the investigation of the AGN environ-
ment.
In this paper we present the measurements of the
quasar-galaxy cross-correlation through the projected
galaxy number counts around quasars, using all pho-
tometric data from SDSS Stripe 82 at 0:6 < z < 1:2.
In this work, we do not use any color cut to select our
galaxy sample. The quasar and galaxy samples used in
this paper are described in Section 2. The method for
calculating over-densities, the galaxy luminosity function
at observers' frame and the estimate of cosmic variance
are described in Section 3. The results of clustering anal-
ysis are presented in Section 4. The implication of our
ndings is discussed in Section 5. Throughout this pa-
per, we assume a -dominated cosmology with H0 = 71
km s 1Mpc 1, 
M = 0:28 and 
 = 0:72. We de-
ne h = H0=(100 km s
 1Mpc 1) and quote correlation
lengths in co-moving h 1Mpc.
2. THE DATASETS AND DATA SELECTION
The SDSS imaged 11,663 deg2 sky in ve broad bands
u, g, r, i, z, with the eective wavelengths of 3550, 4770,
6230, 7620 and 9130 A, respectively (Fukugita et al.
1996; Gunn et al. 1998, 2006; Smith et al. 2002) and
obtained spectra of over a million galaxies and quasars
in over 8000 square degree of high Galactic latitude sky
(York et al. 2000; Abazajian et al. 2009). The nal
photometric catalog provides accurate astrometry (Pier
et al. 2003) and photometry for over 357 million unique
objects (Lupton et al. 1999, 2001; Hogg et al. 2001;
Smith et al. 2002; Stoughton et al. 2002; Ivezic et al.
2004; Tucker et al. 2006; Padmanabhan et al. 2008).
In SDSS imaging survey, the Celestial Equator Stripe
(Stripe 82 ) is a repeating photometry rectangular region
covering about 270 deg2 (J2000 from -1.266 to +1.266
degree and J2000 from -59 to 60 degree; see panel (a) of
Figure 1), including approximately 12 739 contiguous
elds, of size 90  130 each. It has been imaged approx-
3Fig. 1.| Panel (a): The distribution of photometric objects (gray dots) and quasars from Schneider et al. 2007 (red lled circles) with
0:6 < z < 1:2 in SDSS Stripe 82 eld. Panel (b, c, d): Plots of quasar luminosity (Mi), black hole mass (MBH) and optical color ([3K;4K])
against the redshift. The green curve in panel (d) show the median [3K;4K] as function of redshift ( (z)). The relative optical colors of
blue quasars are [3K;4K]   (z) <  0:22 and [3K;4K]   (z) > 0:24 for the red quasars.
imately 80 times (Figure 3 of Abazajian et al. 2009) and
the photometry reaches  2 magnitudes deeper than any
individual scan. Due to dierent observing conditions,
the photometric depths of these elds in Stripe 82 are
not uniform and almost go deeper as the right ascension
(J2000) increases.
From the co-added images of Stripe 82 , we nd the
photometry precision is highest at i-band among the
ve bands 3. To determine the survey depth of a eld,
we calculate the apparent magnitude distribution for all
sources in the eld. Since the number will drop quickly
at magnitudes fainter than the survey depth, there is
well-dened peak in this distribution. We choose the
magnitude, which the distribution peaks at, as a mag-
nitude threshold (ith) of the eld under consideration.
Assuming the galaxy number N(i) at apparent magni-
tude i follows logN(i) / i, we can extrapolate the num-
ber counts at magnitude of i < ith to ith to obtain a
reference number for each eld. We calculate the com-
pleteness by comparing the observed peak count to the
reference number. The average completeness at the mag-
nitude of ith is 0.95, with a standard deviation of 0.06.
In x4.1, we will discuss the eect of the incompleteness of
the galaxy sample on our measurement. Figure 2 shows
the distribution of ith for all elds in Stripe 82 . The
value of ith has a great dispersion, from 21.2 to 23.8,
with a mean value of 23.2. In this work, we select the
photometric galaxies in Stripe 82 with i-band apparent
magnitude less than ith of the eld.
Our galaxy sample is selected from the SDSS DR7
3 i-band means SDSS i-band in this paper, and the i-band magni-
tude we use is the 0cmodel0 magnitude and corrected for the Galac-
tic extinction using the extinction map of Schlegel et al. (1998) and
the reddening curve of Fitzpatrick (1999).
Stripe 82 calibrated object catalog (SDSS run = 100006
(South strip) and 200006 (North strip) in the DAS, 106
and 206 in the CAS; Abazajian et al. 2009), but we
do not use photometric redshift information. I do not
remove stars from the sample either because they will
not signicantly aect our results. The reasons are as
follows. First, Stripe 82 is a high galactic latitude re-
gion, which is not a densely populated areas for stars.
The stars constitute about 7% of all photometric objects.
Second, although there is a signicant gradients in the
stellar density Stripe 82, its amplitudes on the scales of
interest are very small. Finally, there is no spatial corre-
lation between quasars and stars so that the stars can be
considered as background using our random quasar sam-
ples (see x3.1). This is veried in x4.1 (Figure 6 and 7),
in which we demonstrate that clustering signature does
not present in the random elds.
We take our quasar sample from SDSS DR5 quasar
catalog (Schneider et al. 2007). In the Schneider's cat-
alog, spectroscopic targets are selected mostly accroding
to their location in multidimensional SDSS color space,
supplemented by X-ray and radio detected sources. Ap-
proximately half of quasars have i < 19, nearly all have
i < 21. These two values correspond to the i magnitude
limits for z < 3 and z > 3 candidates selected by optical
colors, i.e., ugri and griz color cubes (Richards et al.
2002; Schneider et al. 2007). The nal catalog contains
77,429 objects, which have at least one emission line with
FWHM larger than 1000 km s 1 or interesting/complex
absorption features. The redshift range is from 0.08 to
5.41. The K-corrected i-band absolute magnitudes of
these quasars are more luminous than Mi =  22:0. The
catalog provides a position with an accuracy better than
0.200 rms, ve-band CCD-based photometry with typical
4Fig. 2.| The distribution of ith for all the elds in Stripe 82 . The
value of ith has great dispersion, from 21.2 to 23.8. The dotted line
and dashed line show the 10 and 90 percentiles of the distribution.
accuracy of 0.03 mag. There are 9244 quasars fall in the
Stripe 82 area. According the photometric magnitude
limits and galaxy luminosity function presented in x3.2,
we set the redshift range to 0:6 < z < 1:2 to ensure that a
signicant fraction of galaxies are detected in the SDSS
Stripe 82 . Applying this redshift cut, we obtain 2300
quasars in the nal sample.
In panel (a) of Figure 1, we show the spatial distri-
bution of these quasars (red lled circles). There is an
under-density zone at J2000   40 degree. As men-
tioned at the beginning of this paragraph, the quasar
candidates are mainly selected from the photometric ob-
jects by their colors. We nd that there are scarcely any
objects with i > 19 at  45 < J2000 <  35 degree in the
gure of J2000-i diagram for all DR5 quasars located in
Stripe 82 , the so-called high-redshift candidates are ab-
sent. The only dozens are selected from X-ray and radio
objects. This does not aect our nal results as we are
not interested in the high redshift quasars.
3. THE CROSS-CORRELATION OF QUASARS AND
GALAXIES
3.1. Galaxy Density Prole around Quasars
The cross correlation function between quasars and
galaxies, (r), measures the excess probability of nding
a galaxy in a volume at a distance r = (r2p+
2)1=2 from a
randomly chosen quasar, where rp and  are coordinates
perpendicular to and along the line of sight, respectively
(Peebles 1980). To measure the correlation function from
the spatial distribution of galaxies, one usually counts
galaxy-quasar pair over a two-dimensional grid of sepa-
rations to estimate (rp; ), and then integrate (rp; )
along  direction up to a certain separation to elimi-
nate the redshift distortions in  direction (e.g. Peebles
1980). Because spectroscopic redshifts are not avialiable
for galaxies in SDSS Stripe 82 region, we can not use this
conventional method. In this section we will describe the
projected number density method to measure the cross-
correlation between quasars and galaxies.
In this method, all the photometric objects are pro-
jected on the celestial sphere. For a quasar with known
redshift z, we calculate the projected distance (rp) be-
tween a photometric object and the quasar assuming that
both objects are at the same redshift, and then the pro-
jected number density of galaxies (n(rp)) as a function
of the projected distance to the quasar (rp) are obtained.
Naturally, n(rp) includes the contributions of foreground
and background galaxies and stars, and the galaxies sur-
rounding the quasar. The latter item has close connec-
tion to the cross correlation function.
By assuming a power-law form of the correlation func-
tion (e.g. Yee & Green 1987), the average number density
((r)) of galaxies at a distance (r) from the quasar can
be written as:
(r) =
hr0
r

+ 1
i
0; (1)
where r0 is the cross-correlation amplitude and  is the
power-law slope, and 0 is the galaxy density at the red-
shift of the quasar. The rst term in the bracket repre-
sents the cross-correlation. We rewrite (r) as a function
of rp and  (Davis & Peebles 1983):
(rp; ) = [1 + (=rp)
2] =2(r0=rp) 0 + 0: (2)
Then we derive the projected galaxy number density
n(rp):
n(rp) =
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 0
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0
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 0
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(if 
0 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
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
  [1=2]   [(   1) =2]
  [=2]
+ nbg
= 0 !(rp) + nbg; (3)
where   is the Gamma function. The total background
density nbg is the sum of the density of foreground
and background galaxies and stars (n
0
bg), and the av-
erage galaxy density (2
0
0) at the quasar's redshift.
!(rp) is the projected cross-correlation function, which
is obtained by integrating the two-point cross-correlation
function (r) = (r)=0   1 = (r0=r) along the line of
sight (Peebles 1980). To derive the values of r0 and ,
we need to know n(rp), nbg and 0 from observational
data.
The projected and background surface densities, n(rp)
and nbg, can be estimated using photometric catalog. Let
us consider the surface density around the j-th quasar
rst. In the case that all nearby galaxies around the
quasar falls in the same eld of depth i1, then the surface
density nj(rp) for galaxies brighter than i1 is simply the
number of galaxies in the annulus between radius rp and
rp+rp and the area of the annulus. When the annulus
intersects with more than one eld, we measure nj(rp)
using 'eective' area for each depth as we illustrate in
the following example.
As showing in Figure 3, the annulus intersects with
four elds (labeled as 'A' to 'D') with photometric depths
in i-band as 22.4, 23.2, 23.6 and 23.8, respectively. If
we calculate nj(rp) within the i-band magnitude range
5Fig. 3.| Cartoon for n(rp) measurement. Assume the photo-
metric depth at i-band (ith) of the four Stripe 82 elds (signed as
'A' to 'D') are 22.4, 23.2, 23.6 and 23.8, respectively. The black
lled circle is the position of a quasar. If we calculate n(rp) within
the i-band magnitude range 21:0 < i < 22:4, the four elds are
all 'eective' elds, then n(rp) = N(rp)=S(rp), where S(rp) is the
area of an intersection between the 'eective' elds and an annu-
lus with projected radii between rp and rp + rp, is the sum of
the green shaded area in the four elds. However, if the i-band
magnitude range we want to calculate is 23:2 < i < 23:6, then the
'eective' elds is just the last two elds, and S(rp) is the sum of
the shaded area in the last two elds (signed as 'C' and 'D'). N(rp)
is total number of photometric objects in the region of S(rp).
21:0 < i < 22:4, the four elds are all 'eective' elds,
then nj(rp) = Nj(rp)=S(rp), where S(rp) is the area of an
intersection between the 'eective' elds and an annulus
with projected radii between rp and rp +rp. In other
words, S(rp) is the sum of the green shaded area in the
four elds shown in Figure 3. If the i-band magnitude
range of interest is 23:2 < i < 23:6, then the 'eective'
elds is just the last two elds, and S(rp) is the sum of
the shaded area in the last two elds (signed as 'C' and
'D'). Nj(rp) is total number of photometric objects in
the area S(rp).
For a total of m quasars, the projected num-
ber density for each magnitude bin is estimated as:
n(rp) =
Pm
j=0Nj(rp)=
Pm
j=0 Sj(rp). Here Sj(rp) is the
area of an intersection between the 'eective' elds (ith >
i1) and an annulus with projected radii between rp and
rp+rp from the j-th quasar, and Nj(rp) is the number
of galaxies in the intersection.
To estimate nbg, we construct Nr = 20 mocked ran-
dom sample by placing m objects randomly in the
Stripe 82 eld. We assign the redshift of quasars to
these faked objects so that the redshift distribution in
each sample is the same as our quasar sample. Accord-
ing to Eq. 3, the projected galaxy number density around
objects is equal to nbg, since they are not spatially corre-
lated (!(rp) = 0). We therefore apply the method shown
above to determine nbg for each random quasar sample.
Finally, nbg is the averaged value over the results for
these Nr = 20 random position sample. We compute 0
as 0 =
Pm
j=0 j;0=m, where j;0 is the number density of
galaxies with i-band apparent magnitude of i2 < i < i1
at the redshift similar to the j-th quasar. In other words,
j;0 is integration of luminosity function of galaxies from
i = i2 to i1. The error on j;0 is propagated from the
errors of parameters of the Schechter luminosity func-
tion, and then we nally obtain the error on 0 based on
the errors on j;0. The errors of Schechter function pa-
rameters are correlated, as such it will overestimate error
bar. The luminosity function will be constructed in next
subsection.
3.2. Estimation of 0 from Luminosity Function
As mentioned in the last paragraph of x3.1, we need
to know the number density of galaxies in an apparent
magnitude range at the redshift of a quasar in question.
In principle one can derive this value by integrating the
galaxy luminosity function at that redshift over a lumi-
nosity range, which is transformed from the given range
of apparent magnitude. The galaxy luminosity functions
have been obtained by many authors at redshift 0:6 1:2
(e.g., Gabasch et al. 2004, 2006; Ilbert et al. 2005, 2006;
Zucca et al. 2006; Cirasuolo et al. 2007). These luminos-
ity functions are all at a specic band in the rest frame of
galaxies, while we are interested in luminosity functions
at the observed wave-band. Because we do not know the
redshift of our photometric galaxies, it is impossible to
apply k-correction. Therefore, we have to calculate new
galaxy luminosity functions based on the other deep eld
observation with galaxy redshift available: a deep and
homogeneous iSubaru-band selected multi-waveband cat-
alogue (Gabasch et al. 2008) from the Cosmic Evolution
Survey (COSMOS), the largest survey imaging a 2 square
degree equatorial eld with sucient depth (Scoville et
al. 2007). It is the optimal sample for obtaining galaxy
luminosity functions this work required, and the cosmic
variance will be discussed in the subsequent subsection.
This catalog with a formal completeness limit of
50% for point sources of iSubaru  26.7, comprises
about 290,000 galaxies with observations at eight bands
(uCFHT, BSubaru, VSubaru, rSubaru, iSubaru, zSubaru,
HKPNO and Ks;KPNO), which are used to derive the pho-
tometric redshifts. The accuracy of the photometric red-
shifts is z=(zspec + 1)  0:035 with only  2% outliers
from the comparison with spectroscopic redshifts of 162
galaxies in the redshift range 0 . z . 3 (Bender et al.
2001; Gabasch et al. 2004). We use several galaxy spec-
tral energy distribution (SED) templates from Coleman
et al. (1980) and Kinney et al. (1996) (see the left panel
of Figure 4) to t the eight bands observation for each
object in this catalogue. Then we use the best tting
SED to derive SDSS u-, r-, i-band magnitudes, which
we are interested in.
The luminosity function of galaxies, (L) , is dened
as dn(L) = (L)dL, where dn(L) is the number density
of galaxies with luminosity in L  dL=2. Generally, the
number density is computed by dividing the number of
galaxies in each magnitude bin by the volume Vbin in
6Fig. 4.| Left panel: SEDs (Empirical templates from Coleman
et al. (1980) and the "SB2" and "SB3" starburst spectrum from
Kinney et al. (1996)) grouped according to their spectral type.
Blue curves show the blue galaxy type and red curves show the red
galaxy type. More details in text. Right Panel: Color distribu-
tion between galaxies in the COSMOS eld with blue SEDs (blue
histogram) and red SEDs (red histogram).
a given redshift interval [zlow, zhigh]. Since some faint
galaxies are invisible in the whole survey volume, the
V=Vmax correction must be performed (Schmidt 1968).
Given the magnitude limit of the observation, we can ob-
tain the maximum redshift zmax for each object at which
this object can be observed. Then this object is weighted
by Vbin=Vmax, where Vmax is the volume enclosed between
[zlow, min(zhigh, zmax)]. The resultant luminosity func-
tions in three redshift ranges is shown in Figure 5.
The luminosity functions based on photometric red-
shift from Subaru might be contaminated by the spuri-
ous detections, such as stars, AGNs or blended objects in
the very bright magnitude bins (see Gabasch et al. 2008).
We exclude the very bright magnitude bins (i-band ab-
solute magnitude   23:0), then use the Schechter lu-
minosity function (Schechter 1976) to t the data. The
tting results are also shown in Figure 5 for comparison.
We also derive the luminosity functions of two types of
galaxies: red and blue galaxies (Figure 5), those lumi-
nosity functions will be used in the quasar and dierent
type galaxy clustering measurements. Our test shows
that the blue spectra (blue curves in the left panel of
Figure 4) at the interesting redshift (0:6 < z < 1:2) have
u  r < 0:8 (observed frame), while the u  r color of the
red spectra (red curves in the left panel of Figure 4) are
redder than 0.8. Details of the test are described be-
low: (1) SED types of galaxies with 0:6 < z < 1:2 in
Gabasch's COSMOS galaxy catalog are conrmed (the
second paragraph of x3.2), (2) galaxies are divided into
blue or red galaxy subsamples by their SED types, (3)
photometric magnitudes at SDSS u- and r-bands are ob-
tained from the convolution from the best tting SED.
When we compared u  r color distributions of all COS-
MOS galaxies in blue and red subsamples, a clear line at
u r = 0:8 can eectively divide blue/red galaxies in the
diagram (the right panel of Figure 4). 4 Thus, the divid-
4 In fact, observed galaxy spectrum is the combination of
starlights with dierent galactic properties and other components.
Lu et al. (2006) introduced that the galaxy starlight can be suf-
ciently modeled with six synthesized galaxy spectral templates.
COSMOS galaxies were not observed at SDSS photometric bands,
the magnitudes used in the color u r are obtained from the convo-
lution from the best tting single galaxy template rather than the
modeling results of multicomponents. There are some deviations
between the magnitudes and colors we shown in Figure 4 and the
direct photometric observations, and they are inclined to represent
the dominant galaxy spectral template. Thus the dividing line in
Fig. 5.| Luminosity functions in the i-band for the redshift
intervals 0:6 < z < 0:8 (left panels), 0:8 < z < 1:0 (middle panels),
and 1:0 < z < 1:2 (right panels). The black lines show the best
tting Schechter functions for total luminosity functions, blue and
red curves for the two SED types.
ing line is adopted as the criterion to distinguish the blue
and red galaxies as we calculate the luminosity functions
here, and divide the Stripe 82 galaxy sample into red
and blue galaxy subsamples according to the same crite-
rion. Actually, the criterion used in this redshift range
is grounded on the SED types of galaxies, and does not
concern with redshift.
3.3. Errors and Density Prole Fit
We estimate the statistical errors of our correlation
measurements using the bootstrap method (More details
and dierent methods for realistic error calculation are
referred to Norberg et al. 2009). We generate N = 50
bootstrap quasar samples. The objects in each bootstrap
sample are randomly picked from our original quasar
sample, allowing for multiple selection of the same ob-
jects. We then compute n(rp) for each sample using the
method shown in x3.1. The errors of n(rp) are given by
the standard deviation of the measurements among these
bootstrap samples.
Adjacent radius bins in n(rp) are correlated and their
errors are not independent. The covariance matrix Mjk
reects the degree to which j-th radius bin is correlated
with k-th radius bin, and has to be taken into account
when we make function ts in the following. Using the
number density computed from these bootstrap samples,
we can derive the covariance matrix Mjk by
Mjk =
1
N   1
NX
s=1
[(n(rjp)
s  < n(rjp) >)
(n(rkp)s  < n(rkp) >)]; (4)
where n(rjp)
s is the galaxy number density at j-th radius
bin for the s-th bootstrap sample, < n(rjp) > is the aver-
age over all of the bootstrap samples at j-th radius bin
(e.g., Miyaji et al. 2007). After getting the covariance
matrix, we t the density prole using Equation 3 by
minimizing the correlated 2c values:
2c =
NbinsX
j
NbinsX
k

n(rjp)  nmodel(rjp)

M 1jk 

n(rkp)  nmodel(rkp)

; (5)
where n(rjp) is the density prole derived from observa-
tional data while nmodel(rjp) is tting curve. Then we
the u   r color distribution of blue and red subsamples is more
distinct than the fact.
7can get the cross-correlation amplitude, r0 and the slop,
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3.4. Cosmic variance
Cosmic variance is the uncertainty in observational es-
timates of the number density of galaxies in nite vol-
umes, arising from underlying large-scale density uctu-
ations. It can be signicant, especially for deep "pen-
cil beam" surveys. COSMOS, used to estimate number
density (0) of galaxies in this work, is one of exam-
ples observed at comparatively wide elds. The zCOS-
MOS and AzTEC/COSMOS elds, subsets of COSMOS,
are known to have  3 positive uctuation in redshift
range z  1:1 (Meneux et al. 2009, Austermann et al.
2009). Moster et al. (2011) predicted cosmic variance of
COSMOS for a given galaxy population from cold dark
matter theory and the galaxy bias. In the analysis of
stellar mass functions in the COSMOS eld, they used
stellar population synthesis models to convert luminos-
ity into stellar mass and obtained the masses of galax-
ies with iSubaru < 25 (Drory et al. 2009; Ilert et al.
2010). The luminosity functions suggest that galaxies at
the low-luminosity end are the dominant component in a
magnitude-limited sample. The apparent magnitude of
galaxies is 17:0 < i < 23:2 in our following calculation,
the absolute magnitude at 1:0 < z < 1:2 is more lumi-
nous ( 1 mag) than that at 0:6 < z < 0:8. In contrast
with the stellar masses of COSMOS galaxies, the mean
stellar masses of dierent galaxy samples in our magni-
tude range and with dierent redshifts, colors are in the
mass range of 109:2 M < m < 1011M. High-redshift
red galaxies have higher mass than low-redshift blue
galaxies. Cosmic variance with common redshift bins
gradually decrease with redshift from z = 0:7 to z = 1:1
with redshift bin size z = 0:2, and increase with galaxy
stellar mass from m = 109:25M to m = 1010:75M
with mass bin size log(m=M) = 0:25 (Table 2 in
Moster et al. 2011). The variance ranges between  8%
and  12%, the mean value is  9:5  1:1%. Cosmic
variance can not impact the dependence of clustering on
quasar properties, because the comparisons are under-
way in the same volume and same galaxy sample. If
COSMOS is really in over-density region, the real corre-
lation amplitudes are somewhat larger than we present in
this work. However, cosmic variance is considered in the
studying of dependence on galaxy properties and clus-
tering redshift evolution. When COSMOS has  10%
cosmic variance, on average, the variance at r0 is  5%,
less than the measurement errors (listed in Table 2 and
3). The dependences of quasar-galaxy clustering are still
present, but their condence levels are somewhat low-
ered.
4. QUASAR-GALAXY CLUSTERING
4.1. Dependence on the Redshift
In order to investigate whether the clustering is de-
pendent on redshift, we investigate the clustering be-
tween galaxies of i-band apparent magnitude in the
range of (17.0, 23.2) (denoted as all galaxy sample)
and quasar subsamples with dierent redshifts. We
divide the quasar sample into three redshift intervals:
687 quasars with 0:6 < z < 0:8 (z1 sample), 678 quasars
with 0:8 < z < 1:0 ( z2 sample ), and 935 quasars with
Fig. 6.| Averaged galaxy number density as a function projected
distance from quasar for each redshift interval. The lled circles
show the galaxy number density prole for each quasar redshift
subsample, the dash lines mean the background counts (nbg), and
the solid lines show the best tting. The right bottom panel is for
random quasar sample at the redshift interval 0:6 < z < 0:8.
1:0 < z < 1:2 (z3 sample). The median redshifts for
these subsamples are 0.70, 0.89 and 1.09, and the me-
dian absolute magnitudes at i-band are -23.31, -23.87
and -24.35 mag respectively. A summary of subsample
parameters can be found in Table 1. For each quasar
subset, we rstly calculate nbg and 0(see x3.1), which
will be used as xed values in the density prole t pro-
cedure. We then calculate the average density prole
n(rp) of galaxies as a function of the projected distance
in the co-moving scales between 0:05  rp  20 h 1Mpc
from quasars as described in x3.1. The results are shown
in Figure 6. As one can see, the clustering signals are
detected at all redshift bins. The best tting results (r0
and ) are listed in Table 2. For comparison, we also
show the density prole for a random quasar sample at
redshift of 0:6 < z < 0:8 (see x3.1 for the method to con-
struct random quasar sample) in the bottom-right panel
of Figure 6. The density is constant with the radius,
suggesting the clustering associated with the quasars is
real.
Initially, we t independently the density proles at
dierent redshift bins with r0 and  treated as free pa-
rameters. We nd that r0 increases signicantly with
redshift and  is consistent with a constant value within
1(Table 2). To pursue better constraint on the ampli-
tude, we t simultaneously over the three redshift bins
while locking  with the same value. Then we obtain
the t results: a power-law index of 2.10, and correla-
tion amplitudes r0 = 3:68  0:44 h 1Mpc for z1 sub-
sample at 0:6 < z < 0:8; 4:91 0:40 h 1Mpc for z2 sub-
sample at 0:8 < z < 1:0 and 5:96  0:95 h 1Mpc for z3
subsample at 1:0 < z < 1:2 (Table 2), consistent with
free- t. The galaxies of given apparent magnitude
around a high-redshift quasar is more luminous than
those with the same apparent magnitude around a low-
redshift counterpart. Therefore, we found the fact that
the clustering of galaxies increases with the galaxy lumi-
nosity also leads to the redshift dependence. To disen-
tangle this eect, we use galaxies in apparent magnitude
ranges 17:0 < i < 22:0 and 18:2 < i < 23:2 to cal-
culate the cross-correlation with z1 and z3 subsamples,
respectively, the absolute magnitudes of galaxies are very
similar in these two redshift bins. The resultant r0 are
3:420:51 h 1Mpc and 5:770:92 h 1Mpc. Obviously,
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Quasar sample
Quasar Redshift Median Number Median Median Selection
subsample Interval z of Objects Mi MBH
z1 0.6 - 0.8 0.70 687 -23.31
z2 0.8 - 1.0 0.89 678 -23.87
z3 1.0 - 1.2 1.09 935 -24.35
z1D 0.6 - 0.8 0.69 541 -23.14
z2D 0.8 - 1.0 0.88 389 -23.54 Mi >  24:0
z3D 1.0 - 1.2 1.06 243 -23.78
z1B 0.6 - 0.8 0.73 146 -24.40
z2B 0.8 - 1.0 0.91 289 -24.62 Mi   24:0
z3B 1.0 - 1.2 1.10 692 -24.60
z1L 0.6 - 0.8 0.69 449 -23.23 1.5 108
z2L 0.8 - 1.0 0.88 294 -23.79 1.9 108 MBH  3:5 108M
z3L 1.0 - 1.2 1.08 362 -24.19 2.0 108
z1H 0.6 - 0.8 0.71 212 -23.54 5.9 108
z2H 0.8 - 1.0 0.90 304 -24.19 6.2 108 MBH > 3:5 108M
z3H 1.0 - 1.2 1.09 559 -24.52 7.4 108
Blue 0.6 - 1.2 0.93 764 -24.56
Green 0.6 - 1.2 0.94 769 -24.13 see text for the criterion
Red 0.6 - 1.2 0.94 767 -23.97
TABLE 2
Cross-correlation results between quasar subsamples with different redshifts
and all galaxy sample.
samples r0  r0( = 2:10) 0 nbg
h 1Mpc h 1Mpc 10 3Mpc 3 (h 1Mpc) 2
z1-all galaxy 3.490.89 2.140.21 3.680.44 9.090:07 59.470.15
z2-all galaxy 4.910.75 2.090.17 4.910.40 4.950:04 39.280.09
z3-all galaxy 6.001.90 2.100.25 5.960.95 1.060:01 29.750.08
the redshift dependence of quasar-galaxy clustering is
still signicant although somewhat weak.
To check the eect of galaxy sample incompleteness, we
select a galaxy sample using a more conservative photo-
metric depth (i
0
th = ith-0.2 magnitude). We then recal-
culate the cross-correlation functions between the three
quasar subsamples and galaxies with the same appar-
ent magnitude range, i.e. 17.0< i <23.2. The results
are r0 = 3:73  0:53 h 1Mpc, 5:03  0:47 h 1Mpc and
5:97 1:02 h 1Mpc with  = 2:10 for the three subsam-
ples. We also use this new sample to recalculate the clus-
tering between dierent quasar subsamples and galaxy
subsamples shown below, all new results are consistent
with those presented in this paper. Therefore, our choice
of photometric depth do not inuence the results signif-
icantly. In addition, the maximum projected distance is
xed to 20 h 1Mpc in this work. It is a factor of three
times larger than the typical value of r0. In principle, it is
sucient for the determination of correlation amplitude.
To be safe, we measure r0 and  based on the density
prole with dierent maximum projected distance. Both
r0 and  change very little.
Because of the shallow photometric depth of Stripe 82 ,
we can not measure the quasar-galaxy clustering at the
higher redshift. But the clustering measurement at
higher redshift can be used to inspect our method. Since
the galaxies at high redshift can not be detected, all the
galaxies and stars in Stripe 82 calibrated object cata-
log are the background objects (nbg in the Eq. 3) and
w(rp) = 0. We select 683 quasars with redshift 2:0  2:2
as the high redshift quasar sample, and show the pro-
Fig. 7.| Averaged galaxy number density as a function projected
distance from quasar for the redshift interval 2:0 < z < 2:2. The
dash lines is value equal to 13.02 (h 1Mpc) 2.
jected galaxy number density (nbg) as the function of
the projected distance (rp) in Figure 7. The density is
constant with the radius, that conrms the reliability and
robustness of our method.
4.2. Dependence on Quasar Properties
In this section, we try to analyze the dependence of
quasar-galaxy clustering on the luminosity, black hole
mass, and optical color of the quasars. The galaxy sam-
ple used here is composed of all galaxies with i-band
apparent magnitude in the range of (17.0, 23.2). And
the information for various quasar subsamples is listed
in Table 1.
To examine the dependence of clustering on the lumi-
nosity of quasars, we divide all quasars of 0:6 < z < 1:2
into luminous and faint groups with equal size. Since
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 parameter is independent of redshift, we x it to
2.10 when tting the density prole. We obtain r0 =
4:47  0:35 h 1Mpc for faint quasars and 5:52  0:37
h 1Mpc for luminous quasars. The dierence is signi-
cant at 2.1. However, this dependence can be induced
by the redshift dependence of clustering because the me-
dian z of faint and luminous subsamples are 0.82 and
1.04, respectively. To break the redshift-luminosity de-
generacy, we split z1 quasar sample (the quasar sam-
ple with 0:6 < z < 0:8) into z1B and z1D subsamples
(Table 1, panel (b) of Figure 1). z1D subsample con-
sists of 541 quasars in the range  24:0 < Mi <  22:0
and z1B subsample is made of 146 quasars in the range
 26:5 < Mi   24:0. The median z of two subsam-
ples are very similar. The clustering amplitudes are
r0 = 3:76  0:40 h 1Mpc and 3:64  0:90 h 1Mpc for
z1B and z1D subsamples, respectively (Table 3). Sim-
ilar results are obtained for the other two redshift bins
(Table 3). Therefore, we do not detect any signicant
dependence of quasar-galaxy clustering on quasar lumi-
nosity within our uncertainties. It is in good agreement
with recent results derived using very dierent methods
(Croom et al. 2005; Adelberger & Steidel 2005b; Myers
et al. 2006; Shirasaki et al. 2011).
Next, we study the dependence of clustering on black
hole mass of quasars. The black hole masses for most
quasars are calculated using black hole mass formalism
based on broad Mg II line and monochromatic luminos-
ity at 3000A. For a small number of quasars that Mg II
spectral regime is not available, the masses are estimated
using the broad H line and 5100A monochromatic lu-
minosity. Both Mg II- and H-based MBH estimators
come from Wang et al. (2009). We take the median
MBH value of the whole sample, 3:5  108 M, as the
arbitrary value Mth, and divide the zj(j=1,2,3) quasar
sample into two subsamples zjH and zjL, each of them
consists of quasars with MBH > Mth and MBH < Mth
(see panel (c) of Figure 1). As shown in Table 3, r0 ap-
pears larger for massive black hole mass in each redshift
bin with a signicance of  1.
Finally, we examine the dependence of clustering on
the optical color of quasars. The continuum slope
[3K;4K] (f / [3K;4K]) is measured from the Galac-
tic reddening corrected quasar spectrum between  3000
A and  4000 A in the rest-frame. The two continuum
windows, [3010, 3040]A and [4210, 4332]A, are chosen to
avoid strong Fe II multiplets shortward of 3000 A, and
possible star-light contribution longward of 5000 A in
some quasars. Thus, [3K;4K] is used as a fair measure-
ment continuum slope. We calculate (z), the median
[3K;4K] as function of redshift, and divide quasars into
'Blue', 'Green' and 'Red' quasar subsamples according to
their relative optical color ([3K;4K]  (z)) (see panel (d)
of Figure 1). We select dierent optical color subsamples
in this way to make sure that these subsamples have simi-
lar redshift distribution. A summary of these subsamples
is listed in Table 1. As shown in Table 3, the correlation
amplitude is marginally larger ( 2:3) for blue quasars
than that for red quasars. The blue quasars are slightly
more luminous than the red quasars( Table 1). Because
we do not nd signicant evidence for the dependence
of clustering on quasar luminosity, the color dependence
TABLE 3
Cross-correlation results for the various quasar and
galaxy subsamples
samples r0( = 2:10) 0 nbg
h 1Mpc 10 3Mpc 3 (h 1Mpc) 2
z1B-all galaxy 3.640.90 8.570:12 55.790.23
z2B-all galaxy 4.860.58 4.760:06 39.280.14
z3B-all galaxy 6.121.03 1.030:01 29.630.09
z1D-all galaxy 3.760.45 9.230:08 60.170.17
z2D-all galaxy 4.930.49 5.110:05 39.320.13
z3D-all galaxy 6.061.13 1.170:02 29.750.10
z1H-all galaxy 4.500.56 8.860:08 56.820.25
z1H-all galaxy 5.130.51 4.910:06 39.730.13
z1H-all galaxy 6.771.17 1.040:02 29.440.09
z1L-all galaxy 3.510.49 9.170:12 60.050.16
z1L-all galaxy 4.430.55 5.060:06 38.860.15
z1L-all galaxy 5.521.24 1.090:01 29.960.09
Blue-all galaxy 5.570.37 4.590:04 35.590.14
Green-all galaxy 4.530.45 4.570:04 35.580.15
Red-all galaxy 4.020.59 4.620:04 36.550.13
z1-Bright Galaxya 6.730.62 0.830:01 17.910.21
z2-Bright Galaxyb 7.840.84 0.280:03 15.090.16
z3-Bright Galaxyc 16.522.97 0.060:00 15.980.12
z1-Faint Galaxyd 3.710.52 8.270:11 41.570.14
z2-Faint Galaxye 4.550.46 4.690:05 24.180.11
z3-Faint Galaxyf 5.781.04 1.000:01 13.780.10
z1-Blue Galaxyg 4.120.36 2.520:06 10.110.07
z2-Blue Galaxy 5.240.39 1.790:03 6.600.05
z3-Blue Galaxy 6.620.65 0.590:01 5.020.04
z1-Red Galaxy 3.640.62 5.960:07 49.360.17
z2-Red Galaxy 3.890.86 2.600:03 32.690.11
z3-Red Galaxy 4.631.51 0.470:01 24.710.08
Note. | The apparent magnitude ranges of the galaxy samples are
a: 17:0 < i < 21:0, b: 17:0 < i < 21:4, c: 17:0 < i < 22:0, d: 21:0 <
i < 23:2, e: 21:4 < i < 23:2, and f: 22:0 < i < 23:2. Please see the text
(x4.3) for why we select galaxy samples in this way. g: the criterion for
red and blue galaxy samples is u  r = 0:8 (x3.2).
of quasar-galaxy clustering is not ascribed to the dier-
ence in luminosity. We cross-match our quasar sample
with the objects in the GALEX (Morrissey et al. 2007)
and UKIDSS (Lawrence et al. 2007) observation within
a 200position oset, and nd 1211 and 1869 quasars, re-
spectively. We then calculate their NUV-Optical and
Optical-IR color. The clustering measurements show
that the color dependence can also be detected based
on color in other wavebands.
4.3. Dependence on Galaxy Properties
The galaxy clustering depends on galaxy properties,
such as color (e.g., Zehavi et al. 2002, 2005; Coil et al.
2004; Li et al. 2006), and luminosity (e.g., Zehavi et al.
2002, 2005; Li et al. 2006), in the local or intermediate
redshift (0:2 < z < 1) universe. The red/bright galaxies
are much more strongly clustered than blue/faint galax-
ies. The cross-correlations between quasars and galaxies
also rely on the galaxy properties. In this section, we will
use z1, z2 and z3 quasar samples to examine how the cor-
relation amplitude changes with the galaxy luminosity or
spectral types. These will provide additional constraints
on galaxy and AGN co-evolution model. Here again, we
x the slop to  = 2:10 during the tting procedure.
Firstly, in order to investigate the dependence on
galaxy magnitude, we divide the galaxies into two ap-
parent magnitude bins. The magnitude threshold used to
split the galaxy sample changes with the cross-correlated
quasar sample. For example, as we calculate the den-
sity prole of bright and faint galaxies around z1 quasar
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sample, the apparent magnitude threshold is adopted as
i = 21:0. While we calculate the density around z3 sam-
ple, the magnitude threshold increases to 22.0(see Table
3). The magnitude threshold is so chosen that the cor-
responding absolute magnitude is approximately same
after taking into consideration average K-correction at
each redshift bin, the values of K-correction are roughly
estimated through the mean galaxy SED. All the results
are shown in Table 3. The correlation amplitudes with
faint galaxies are very similar to those with all galax-
ies (Table 1), because the number of faint galaxies are
much more abundant than luminous counterparts. In all
three redshift bins, correlation amplitudes with luminous
galaxies are about two times larger than those with faint
galaxies. The dierences are signicant at 3.7, 3.6 and
3.8 levels. In addition, r0 signicantly increases with
redshift, especially for luminous galaxies, consistent with
our previous results.
We further explore how quasar-galaxy clustering de-
pends on the galaxy SED. We take u r = 0:8 as the color
criterion and divide the photometric galaxies into red and
blue galaxy samples (see x3.2 for reasons). We then mea-
sure the cross-correlation between zj quasar samples and
these two galaxy samples (17:0 < i < 23:2). The results
are shown in Table 3. For blue galaxies, the correlation
amplitude increases remarkably with redshift (Figure 8).
However, the correlation amplitude for red galaxies varies
only marginally. And there is a signicant trend that
the correlation amplitude is larger for blue galaxies than
for red galaxies. The small scale slope of the correla-
tion function is known to vary with galaxy color, quasar-
blue galaxy clustering has a slightly steeper slope than
that of quasar-red galaxy (e.g., Norman et al. 2009), the
xed gamma extends the dierence on the amplitude be-
tween the clustering of quasar with both type galaxies.
quasar-blue galaxy clustering shows a greater amplitude
and quasar-red galaxy clustering shows a smaller ampli-
tude than those of we t using free slopes.
4.4. Comparisons with other results
Generally, the dierent clustering measurements can
not be compared directly unless the studies used the
same luminosity/redshift range of AGNs/quasars and
the same luminosity/redshift range of galaxies. Com-
paring to this work, (most of) other AGN samples have
much lower luminosity and (most of) other galaxy sam-
ples have much higher luminosity in the measurement
of AGN-galaxy CCFs. However, the variation trend of
the clustering with the AGN/quasar or galaxy property
changing obtained in other studies can be used to check
up the clustering dependence obtained in this work. Fur-
thermore, the comparison between our work and other
studies also tell us the potential reason for the dierence
results and the non-dependence on the AGN/quasar and
galaxy properties for the similar results.
At redshift z = 0:6  0:8, cross-correlation ampli-
tude derived in this paper is consistent with these de-
rived from cross-correlation of infrared-selected and X-
ray selected AGNs in AGES with spectroscopic galaxy
sample (Hickox et al. 2009) over a smaller area, from
cross-correlation of SUBARU photometric galaxies with
faint AGN sample (Shirasaki et al. 2011) over a broader
redshift range, and from the analysis of X-ray AGN in
Chandra DEEP North (Gilli et al. 2005). However, these
amplitudes are signicantly smaller than recent results
based on the cross-correlation of quasars with spectro-
scopic of Luminous Red Galaxy (LRG; Norman et al.
2009, hereafter N09; Padmanabhan et al. 2009; Moun-
trichas et al. 2009) and AGN-galaxy correlation in the
Chandra Deep South eld (Gilli et al. 2005). In ad-
dition, these authors derived a smaller power-law index
  1:65  1:83.
These dierences may be caused by three factors: dif-
ferent galaxy luminosity are involved, dierent weights
are employed towards the large and small scales and cos-
mic variance. Firstly, LRG galaxies in these samples
are more luminous and massive than our galaxy sam-
ples. A large clustering amplitude seems consistent with
our results that luminous galaxies tend to be strongly
clustered around quasars. In fact, their clustering am-
plitudes are similar to those of the luminous galaxies
presented in this work. Secondly, our method is more
sensitive to the small scale over-density than these us-
ing the spectroscopic galaxy sample because uctuation
of a large number of background/foreground sources will
overwhelm the signal in the outer region. In addition,
Meneux et al. (2009) showed that ux limit will tend
to weaken the clustering measurement at small scale be-
cause of mass incompleteness in a ux limited sample.
Since our photometric sample is deeper than these LRG
spectroscopic sample, the eect of mass incompleteness
tends to be smaller. As illustrated by McBride et al.
(2011) in the LasDamas beta mock sample for local uni-
verse, w(rp) has a steeper slope of around 2.06 on the
scales of 0.2 to 1.0 h 1Mpc than on scales of 2-10 h 1Mpc
('1.70). Thus, most of the quasar-galaxy clustering sig-
nal we measure probably comes from the scales smaller
than 1 h 1Mpc, although we measure up to 20 h 1Mpc.
In other words, we probably only measure the clustering
in the 1-halo term. Thirdly, the large dierence in the
two Chandra deep elds are likely due to cosmic variance
(Meneux et al. 2009), although dierent depth may also
explain some of the dierence.
At redshift z  1, the clustering amplitude for the
whole quasar sample in Stripe 82 is signicantly larger
than these obtained by C07 for optically-selected quasars
in AGES and galaxies in DEEP2 survey, smaller than the
AGN sample of Shirasaki et al. (2011), but similar to the
X-ray selected AGNs in AGES (Coil et al. 2009). C07
measured r0 = [2.95, 3.56] h
 1Mpc and  = 1:83 over dis-
tance scales from 0.05 to 10 h 1Mpc by cross-correlating
DEEP2 galaxies at 0:7 < z < 1:4 with dierent quasar
sample identied in the SDSS and DEEP2 surveys. Shi-
rasaki et al. (2011) got a very similar correlation am-
plitude between bright quasars and Subaru deep photo-
metric data. When  is exed to 1.83, we will obtain a
much higher correlation amplitude of 5:310:49 h 1Mpc
and 6:57 1:04 h 1Mpc. Because the luminosity ranges
of both quasars (MB <  22) and galaxies (RAB < 24:2)
are similar to our samples, the reason for the discrepancy
is not easily understood, it's likely to be the systematics
of dierent methods. Bornancini et al. (2007) found a
larger correlation amplitude (r0 = 5:4 1:6 h 1Mpc and
 = 1:94  0:10) in the DEEP2 elds. Their amplitude
is similar to the correlation of red galaxies with quasars
in our sample. Because Bornancini et al. (2007) used
the distant red galaxies at redshifts from 1 to 2 with the
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color cut J  Ks > 2:3, their results are fully consistent
with ours.
Clustering amplitude increasing with black hole mass
but not quasar luminosity in the redshift range is consid-
ered in broad consistence with previous results. Hickox et
al. (2009) analyzed the cross correlation between AGNs
and galaxies based on AGN and Galaxy Evolution Sur-
vey (AGES) at redshift from 0.25 to 0.8. AGNs selected
with radio, X-ray detection and infrared colors show dif-
ferent properties, and the radio and infrared selected
AGNs have similar black hole mass to our High-MBH
and Low-MBH samples, respectively. The clustering am-
plitude of the radio-selected AGN is signicantly larger
than that of infrared selected AGN, indicating an in-
creasing clustering amplitude with the black hole mass.
Coil et al. (2009) compared the clustering amplitudes
of X-ray AGNs and quasars in C07, found that X-ray
AGNs at redshift z  1 are more clustered than quasars
with a 2:6 signicance, meanwhile the X-ray AGNs have
higher black hole mass than quasars. Summary of above
mentioned, the clustering dependence on the black hole
mass is conrmed in other works. Admittedly, the AGN
samples in these works have signicantly dierent prop-
erties expect the black hole mass, such as radio property,
IR, optical or X-ray selection, absorbed or unabsorbed,
and broad or narrow emission-lines. We also can not rule
out the possibility of the increasing CCF clustering with
black hole mass due to the selection or other properties
(non- MBH) of AGN samples.
Previous studies have shown that quasar auto-
correlation function (ACF) and AGN-galaxy CCF clus-
tering amplitude increases with redshift. Croom et al.
(2005) divided over 20,000 2QZ objects into 10 red-
shift intervals with eective redshifts from z = 0:53 to
2.48. They measured the redshift-space two-point cor-
relation functions, and found the quasar clustering am-
plitude increases with redshift such that the integrated
correlation function (z = 0:53) = 0:26  0:08 and
(z = 2:48) = 0:700:17. Myers et al. (2006) also found
increasing clustering amplitude with redshift by calcu-
lating the projected angular clustering of  80,000 pho-
tometric quasars in SDSS. Directly related to this work,
Hopkins et al. (2007) conrmed the conclusion from com-
paring observed clustering of quasars and galaxies as a
function of redshift (dotted line in Figure 8). Our mea-
surement from cross-correlation over a much smaller red-
shift range and on smaller scales shows the same trend.
One of the most surprising nding is that cross-
correlation amplitude depends strongly on the galaxy
color. C07 found that quasars reside in regions of sim-
ilar mean over-density to blue galaxies than red galax-
ies when they looked at the correlation function of the
SDSS quasars with the DEEP2 galaxies at z  1. N09
separated the 2SLAQ LRG sample which contains near
15,000 LRGs with magnitudes more luminous than i =
19:8 and the median redshift  0.52 into two popula-
tions of blue and red galaxies by g   r = 1:6. They
found the projected two point correlation to have t-
ted clustering amplitude of r0 = 7:3  0:7 h 1Mpc and
r0 = 4:90:7 h 1Mpc on scales from 0:7 27 h 1Mpc for
the two populations. Those quasars have a stronger cor-
relation amplitude with the blue population than the red
population. Although the color selected methods of ours
Fig. 8.| The cross-correlation amplitude as the function of red-
shift.
and N09 are dierent, the quasar correlation amplitude
trend with blue and red galaxies are consistent. Fur-
thermore, we found that the correlation amplitude with
blue galaxies increases strongly with redshifts while that
with red galaxies varies marginally. Note that the red-
shift distributions of blue and red galaxies can aect the
clustering dependence on the galaxy color. However, the
galaxy sample we used is Stripe 82 photometric sample,
the redshifts of these galaxies are absent.
5. DISCUSSION
In the local universe, the clustering of galaxies mea-
sured by many authors are 5   7 h 1Mpc (Hawkins et
al. 2003; Zehavi et al. 2005; Li et al. 2007; Ma et al.
2009). Measurements up to the redshift z = 2 suggest
that clustering length increases with redshift. In the red-
shift range of this paper, the clustering amplitudes are
around 5   9 h 1Mpc, depending on the mass of the
galaxies (Pollo et al. 2006; Coil et al. 2006; Meneux et
al. 2008; Magliocchetti et al. 2008; Foucaud et al. 2010).
The clustering amplitudes of galaxies around quasars de-
rived in this paper are similar to these values, and also
with the same trend of dependence on the redshift. That
implies that these quasars are located in a dark matter
halo which has similar mass to that occupied by typical
galaxies in these samples with stellar mass larger than
1010 M.
Evidences have been mounted for the strong link be-
tween the black holes and the mass of the bulge compo-
nents of galaxies (e.g., Maggorian et al. 1998). In Halo
Occupation Distribution (HOD) models, the masses of
these bulges are correlated with the mass of the halo
(e.g., Jing et al. 1998; Yang et al. 2003). Therefore,
quasars with higher MBH are located in relatively larger
host dark matter halos. Indeed, Ferrarese (2002) found
that the mass of the central black hole is plausibly cor-
related with that of its host halo (the total gravitational
mass of its host galaxy). Furthermore, it is well known
that the halo clustering is dependent on halo mass (e.g.
Mo &White 1996). Therefore, it is expected that cluster-
ing around more massive quasars is stronger than that
around lower mass quasars. Our nding is consistent
with this.
The quasar luminosity is determined by the black hole
mass and Eddington ratio. Thus for a given Eddington
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ratio, the luminosity is proportional to the black hole
mass. If all quasars are accreting at the similar Edding-
ton ratio or close to the Eddington limit, we will observe
the signicant correlation of clustering strength with the
quasar luminosity. If the luminosity of the quasar sample
is driven by largely by Eddington ratios, the luminosity
dependence will be quite weak, or even disappear. Hop-
kins et al. (2007) discussed the connection between the
observed quasar to galaxy cross correlation and luminos-
ity. They also considered that the variation in Eddington
ratios at a given black hole mass is major driver of the
weak dependence on quasar luminosity, and the cluster-
ing is much more strongly correlated with galaxy lumi-
nosity than that with quasar luminosity (also see Coil et
al. 2009).
We also found the quasar-galaxy clustering depends
signicantly on quasar's color, in the sense that blue
quasars are more strongly clustered than red quasars. It
strongly implies that the AGN activity is inuenced by
large scale environment, although the underlying physics
is unclear. We also noticed that Hickox et al. (2001)
measured the spatial clustering of luminous mid-infrared
selected obscured and unobscured quasars in the redshift
range 0:7 < z < 1:8. Their results indicate that the
cross-correlation of the obscured quasars with galaxies is
somewhat stronger than that for the unobscured quasars.
Generally, the obscured quasars are possible more red-
der than the unobscured quasars. The measurements of
Hickox et al. (2011) don't agree with this work. How-
ever, it must be point that the selection boundary of the
obscured and unobscured quasars is the optical-IR color
color selection at R  [4:5m]IRAC band = 6:1 (please see
Hickox et al. (2007; 2011) for more details about the
mid-infrared selected quasar sample). We also estimated
the similar optical-IR colors for our quasars. The magni-
tudes at R band are transformed by the transformations
from Jester et al. (2005), and IR band is instead of the
W2-band observations of Wide-eld Infrared Survey Ex-
plorer (WISE; Lonsdale et al. 2003). We nd that all of
our quasars locate at the region of unobscured quasars
in the panel (b) of Figure 1 of Hickox et al. (2011).
The color of quasars is a complicated parameter associ-
ated with other parameters, such as the black hole mass,
Eddington ratio, and large scale environment. It needs
more works to understand the underlying reason of the
clustering dependence on the quasar colors.
However our nding that the clustering of blue galax-
ies around quasars is stronger than that of red galax-
ies is inconsistent with this scenario if the color depen-
dence of galaxy clustering found in the local universe also
holds at high redshift. In the local universe, blue galax-
ies exhibit a lower correlation amplitude, but bright red
galaxies exhibit the strongest clustering at large scales
while that of faint red galaxies at small scales (e.g., Ze-
havi et al. 2005; Loh et al. 2010). The t to the pro-
jected correlation function with HOD models indicates
that blue galaxies are eld galaxies located at the cen-
tral of low mass halos, the majority of less luminous red
galaxies are satellites of massive halos and most lumi-
nous red galaxies are central galaxies of massive halos
(Zehavi et al. 2005). This suggests that at redshift 0.6
to 1.2, quasars do not reside in massive cluster in gen-
eral, but rather in less massive group of galaxies. Guo
& White (2008) studied the growth of galaxies in the
De Lucia & Blaizot (2007) model for galaxy formation
through major and minor mergers. For low mass galax-
ies, star-formation and minor mergers are the dominant
modes for the galaxy growth. Major mergers are much
more important for signicantly more massive than the
Milky Way galaxies. The minor merger of low mass ha-
los can provide a great deal of gas for star-formation and
AGN accretion and ignite AGN activity. The stronger
correlation of quasars with blue galaxies than with red
galaxies implies minor mergers may play important role
in triggering nuclear activity.
6. CONCLUSION
We investigate the spatial clustering of galaxies around
quasars at redshifts from 0.6 to 1.2 using the photometric
data from SDSS Stripe 82 . The quasar and galaxy cross-
correlation functions are measured through the projected
galaxy number density n(rp) on scales 0:05 20 h 1Mpc
for a sample of 2300 quasars from Schneider et al. (2007).
The main results of this paper can be summarized as
follows:
(1) The average clustering amplitude increases with
redshifts, and blue and luminous galaxies contributes to
the most of such increment, while the power-law slope of
density distribution is broadly consistent with a constant
value. The clustering amplitudes are 3:491:23 h 1Mpc
with  = 2:14  0:28, 4:91  1:19 h 1Mpc with  =
2:090:17, and 6:001:97 h 1Mpc with  = 2:100:35
at redshift z = 0:6 0:8, 0:8 1:0, and 1:0 1:2. When the
slope is xed to 2.10, the clustering amplitude increases
with redshifts at 2:3 levels.
(2) The clustering amplitude varies with black hole
mass, quasar's color. When we split the quasars into
two black hole mass subsamples byMBH = 3:5108 M
at each redshift bin. The clustering amplitude is slightly
larger for quasars with more massive black hole mass in
each redshift interval. We also nd the clustering am-
plitude depend on the color of quasar, the amplitude is
signicantly larger (2:3) for blue quasars than that for
red quasars. While the dependence on quasar luminosity
is absent in each redshift bin.
(3) There is strong dependence of clustering ampli-
tudes on the SED type of galaxies, with blue galaxies
more strongly clustered around quasars than red galax-
ies at 3:4 condence level.
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